Single-cell gene engineering is expected to be a strategically important theme. [1] [2] [3] Key technologies in the single-cell gene engineering are the high-performance microinjection (HPMI) of a gene into single-cells and the bio-imaging of its expression. HPMI requires an efficient and systematic micro-manipulation system and professionally trained skills. On the other hand, bioimaging requires a high spectral resolution because of frequent needs for simultaneous or sequential measurements of plural photometric probes in the same single-cell. The topic focused on in this study was this spectral resolution in microscopic imaging.
The principles of spectral imaging in microscopy are classified into 3 systems: 4 a grating-based system, a filter-based system, 5, 6 and Fourier microscopy. 4, 7, 8 In order to construct a simple and compact system, we developed a novel system categorized as the grating-based type. One of the core elements in this system is an image slicer composed of a bundle of 100 optical fibers. 9 The use of an optical-fiber bundle may result in a high optical throughput, which is an important advantage over the filter-based system. Moreover, this system needs no mathematical transformation, which is necessary to observe a spectrum in Fourier spectroscopy.
In contrast to these advantages, its spatial resolution is no higher than 0.2 -0.3 µm, which is by far inferior to that of the usual imaging system. Nevertheless, this resolution level is sufficient for separate observations of the respective single-cells. The temporal resolution is 1 s.
We intended to apply the present system to the single-cell gene expression control, especially by an electric signal using cultured tobacco cells, line BY-2. The cell size of BY-2 was 50 -70 µm, which is thought to be an appropriate cell sample to demonstrate the performance of the present system, because the spatial resolution was higher than this cell size. This paper demonstrates the simultaneous measurement of Ca 2+ and H + in the same single-cell, because these ions are thought to be functioning in the intracellular signaling of electric stimulus response genes. The spectral-spatial-temporal data of both ions in a BY-2 single-cell are recorded by means of respective fluorescent probes.
Experimental
Composition of the photometric system Figure 1 depicts a schematic diagram of the present system composed of a microscope, a spectrum analysis unit, an acquisition monitor unit, and an image data-analysis unit. One of the core elements is an image slicer composed of a bundle of 100 optical fibers. In the image slicer, optical fibers were arranged in 10 × 10 array at the entrance (light-reception) surface, while in 100 × 1 array at the exit (light-emission) surface. A line of the optical signals of 100 channels was dispersed through a grism to obtain the respective spectra and projected onto a CCD. The grism is a composite element of a grating and a prism. The CCD is a liquid-nitrogen cooled-type devise (LN/CCD-576) purchased from Roper Scientific Inc., Trenton, NJ, USA. There are 576 × 384 pixels on this chip, but only about half (576 × 151) were used as the region of interest. On the CCD, the x-axis (576 pixels) indicates the spatial address. The field of view was 91.4 µm × 79.2 µm under the following condition: objective lens ×10, intermediate variable turret ×1, and camera lens ×2.5. On the other hand, the y-axis (151 pixels) indicates the spectral address from 400 nm to 800 nm. Linear relationships between the wavelength (λ) and the CCD-pixel number were determined as follows: N CCD-pixelnumber = A(n) × λ + B(n), for n = 1 -100. The average of In order to obtain the full spectrum from 400 to 800 nm of each pixcel of a microscopic image, a unique spectro-imaging system was developed using an image slicer. The image slicer is composed of 100 photo fibers which are arranged in a matrix of 10 × 10 at the entrance and 100 × 1 at the exit. A line of this 100 signals is passed through a glism and projected onto a CCD. This system was applied to the fluorescent imaging of bio-cells. One of the demonstrative examples was simultaneous measurements of the Ca 2+ concentration and the pH using of respective fluorescent probes. An electric signal was applied to BY-2 protoplasts and the fluorescent spectrum from 500 nm to 800 nm was measured every 5 s. The spectrum of the BY-2 protoplasts changed in response to the electric signal and the Ca 2+ concentration, and the pH changes could be monitored. The wavelength resolution was satisfactory, but the space resolution was still rough in comparison with the usual microscopic systems. Notwithstanding these conditions, we could obtain discrete data from more than several tens of sites in a single-cell or a chain of several cells.
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1/A(n) and its standard deviation were 4.28 and 0.0142 nm/CCD-pixel-number, respectively.
In order to take the real image of cells, the acquisition monitor unit was combined with the image data analysis unit. A monochromatic CCD (XC-7500, SONY, Tokyo) was attached to the microscope (IMT-2, Olympus Corporation, Tokyo). The XC-7500 has 692 × 504 pixels and its field of view is 7.4 mm × 5.3 mm under the following conditions: objective lens ×1, intermediate variable turret ×1, and camera lens ×2.5.
Preparation of tobacco protoplasts
Tobacco cell line BY-2 was cultured according to a procedure described in Saito et al. 10 Cells were collected by centrifugation (1000g × 1 min), washed with 0.4 M mannitol, and resuspended in a enzyme solution consisting of 0.1% Pectolyase Y-23, 1% (w/v) Cellulase Onozuka RS, 0.4 M mannitol. The pH was adjusted at 5.5. The cells suspension was incubated for 1 h at 30˚C. The thus-prepared protoplasts were collected, washed, and re-suspended in a medium for protoplast (PP medium) composed of an LSD medium and 0.4 M mannitol.
Incorporation of fluorescent probes into protoplasts
Fluo-3-AM and SNARF-1-AM were purchased from Dojin Co., Ltd. Their concentrations were 10 µM and 5 µM, respectively. After incubation for 1 h at 30˚C, the protoplasts were collected by centrifugation and re-suspended in a fresh medium.
Application of an electric signal to protoplasts
A pair of Pt plate electrodes (3.5 mm × 15.0 mm) were placed in parallel with a 5 mm distance between them. When an electric signal with a pulse height as high as 10 V was applied to the electrode, the electrolysis of water occurred inevitably. The thus-generated gas bubbles would stir the solution and drift the protoplasts. In order to avoid this influence, the electrode was fenced with a dialysis membrane so that the bubbles could go directly upward in the air.
An electric pulse was supplied to the electrode with an electric stimulator via an electric isolator. BY-2 cells were situated around the middle of the electrodes. The actual value of the cross-membrane potential was estimated according to a procedure described in Saito et al. 11 
Calibration for the pH measurement with SNARF-1
A set of pH standard solutions was prepared using a phosphate buffer solution (50 mM) by adjusting its pH every 0.2 from 5.8 to 8.0. Then, 2 µM SNARF-1 was added to each standard solution. Another set of pH standard solutions containing 1 µM Fluo-3 and 300 nM Ca 2+ was prepared in the same way. The spectra of these 2 sets of standard solutions were measured with the present spectro-imaging system under the following condition: objective lens ×10, intermediate variable turret ×1, and camera lens ×2.5, and exposure time 5 s. The fluorescent microscopic image was recorded under excitation with blue light. Figure 2 shows the respective spectra of standard pH solutions and standard Ca 2+ solutions. In this case, the wavelength had not been calibrated exactly (non-calibrated wavelength). The fluorescent peak of SNARF-1 at pH 8.0 appeared at 635 nm. The peak height at 635 nm decreased as the pH became lower. When the pH became lower than 7.0, a shoulder appeared at around 585 nm. Based on these data, the ratio of the peak height at 640 nm to that at 585 nm (FI640/FI585) was calculated and plotted against the pH (Fig. 3) . On the other hand, Fluo-3-Ca 2+ showed a fluorescent peak at 530 nm (Fig. 2) . The peak height increased along with an increase in the Ca 2+
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ANALYTICAL SCIENCES DECEMBER 2002, VOL. 18 Fig. 1 Schematic diagram of the spectro-imaging system. IL, imaging lens; GR, grism; CL, collimator lens; FL, field lens; IS, image slicer. concentration. The spectral change was monotonous, and neither a shift of the peak nor the appearance of a shoulder was observed. Therefore, a calibration curve for the Ca 2+ concentration was made from plots of the fluorescent intensities at 530 nm.
Then, the spectra of standard pH solutions containing 1 µM Fluo-3 and 300 nM were measured (displayed in Fig. 4) . No appreciable shift of the peak occurred when the pH changed from 5.8 to 8.0. The peak height at 530 nm was constant irrespective of the pH, and therefore depended upon only the Ca 2+ concentration. Then the spectrum of Fluo-3-Ca 2+ was mathematically subtracted from the spectrum of the mixture of SNARF-1 and Fluo-3-Ca 2+ . This calculation resulted in spectra identical to those of SNARF-1. From these spectral data, the pH value could be determined.
Temporal changes of the Ca 2+ concentration and pH in a BY-2 cell
The spectral-spatial data of a BY-2 cell were recorded every 5 s. Some of them were selected and displayed in Fig. 5 . Only one electric pulse (pulse height, 10 V; pulse width, 10 s) was applied at 60 s. Spectral changes occurred in mostly a full range from 525 nm to 645 nm. Figure 5 shows spectraltemporal data obtained at the locus indicated by an arrow in Fig.  5(A) . From these data, the Ca 2+ concentration and pH were calculated (plotted versus the time ( Fig. 5(C) )). The Ca 2+ concentration decreased for an initial 200 s, and then sharply increased up to about twice as high as that before the electric stimulus. Then, its concentration decreased once and increased again, and finally gradually decreased. On the other hand, the pH increase occurred simultaneously with the increase in the Ca 2+ concentration at 265 s. After that, however, the pH change seemed not to be associated with the Ca 2+ concentration change.
Formerly, we observed transient changes of the intracellular Ca 2+ concentration in rice single-cells caused by an electric stimulus (30 V, 30 s) with a filter-based fluorescent microscope (Saito et al.) . 10 The fluorescent intensity was integrated over a single-cell.
As a result, a slight decrease in the Ca 2+ concentration occurred just after a cease of the electric signal, and then its marked increase followed. In contrast, in the present study, spectral-temporal data could be obtained in a more restricted area in a single-cell. That might be a reason for a longer lasting decrease in the Ca 2+ concentration for the initial 200 s, and its successive vibration could be observed. In other words, the present system can provide real-time information about the dynamic movement of Ca 2+ and H + in a single-cell. Such information should be important and essential for analyzing the specific role of respective ions and their coupling functions.
Demonstrative examples
In addition to the Ca 2+ and pH measurements, this system could be applied to other single-cells measurements. A typical 1323 ANALYTICAL SCIENCES DECEMBER 2002, VOL. 18 application is the measurement of cell viability in single-cell bioassays. A bioassay is performed in order to evaluate the activity of antibiotic or antimycotic reagents. In that case, the discrimination of living cells from dead ones is necessary and a single-cell measurement could provide results much more rapidly than conventional methods based on the detection of microbial colonies.
On the other hand, the rapid detection of microbial contamination is essential from the viewpoint of food safety control and assessment. In this case, the detection of living cells of whatever species and strains is more important than the selective detection of a particular specific species alone. Nowadays, several fluorescent probes as well as non-fluorescent attaining dyes are popularly used for those purposes. Trypan blue is an example that can colorize dead cells alone. Fluorescein diacetate (FDA) and ethidium bromide (EB) are examples that are used for the fluorescent detection of living cells and dead cells, respectively. Table 1 summarizes the cases of single-cell imaging that can be done with the present system. The cell size of yeast (Saccharomyces cerevisiae) was 4 -6 µm. The applicability of the present system, however, is not restricted to the cases listed here. There are many other cases that may be measured with the present system. TB  TM  600  Saponin  BY-2  CV  FDA  FL  513  Saponin  CV  EB  FL  604  BY-2 
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